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Objective(s): Miltuximab® is a chimeric antibody targeting Glypican-1 (GPC-1), a
cell surface antigen which is overexpressed in solid cancers. Miltuximab® has
shown promising safety and efficacy in radioimmunotherapy models of prostate
cancer. This first in human study used Miltuximab® radiolabelled with Gallium-67
([67Ga]Ga-DOTA-Miltuximab®). The primary study endpoint was to establish safety
and tolerability of Miltuximab®. Secondary endpoints were biodistribution, tumour
targeting and pharmacokinetic analysis.

Methods: Four cohorts of three patients (9 with advanced prostate cancer, 2 with
pancreatic and 1 with bladder cancer) were dosed with 1 mg, ~250 MBq of
[67Ga]Ga-DOTA-Miltuximab®. Cohort 1 received [¢7Ga]Ga-DOTA-Miltuximab®
alone, while cohorts 2-4 were pre-infused with increasing doses (3.5, 11.5 and 24
mg, respectively) of unlabelled Miltuximab®-DOTA 1 hour prior to [67Ga]Ga-DOTA-
Miltuximab®. Safety and tolerability were assessed by clinical and standard
laboratory assessments. Patients underwent whole body gamma-camera scans and
SPECT/CT scans up to 144 h post-infusion. Total organ radiation exposure was
determined by dosimetry of whole-body gamma scans.

Results: The dosing regimen was well tolerated, with no drug-related adverse
events observed. Liver and spleen uptake of [67Ga]Ga-DOTA-Miltuximab® was
observed. Liver uptake was reduced by pre-infusion of unlabelled Miltuximab®-
DOTA. Dosimetry analysis showed a favorable exposure profile. [67Ga]Ga-DOTA-
Miltuximab® targeting to tumour sites was observed in two prostate cancer
patients who had failed enzalutamide treatment. Higher doses of unlabelled
antibody achieved lower liver uptake and increased antibody serum half life.
Conclusions: This study is the first in human for Miltuximab® a first in class
antibody targeting GPC-1. The trial met its primary endpoint of safety,
demonstrating its potential as a safe and tolerable monoclonal antibody. This
safety data, together with targeting to tumour lesions and biodistribution
information supports the further clinical development of Miltuximab® as a
theranostic agent in a planned Phase I human trial.

Trial registration: ANZCTR, ACTRN12616000787482, https://www.anzctr.org.
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Introduction

Metastatic or recurrent cancer continues to be
a challenge in patients with urogenital and
pancreatic cancers. Despite recent
improvements in therapeutic strategies and
outcomes for clinically localized disease, overall
survival in patients with the majority of
metastatic and recurrent urothelial and
pancreatic malignancies remains relatively
unchanged (1-3). Modern advances in the field
of immunotherapy have had promising results
in multiple cancers including melanoma, non-
small cell lung cancer, renal cell cancer, and
urothelial cancer, however the results in
prostate and pancreatic cancer have been
disappointing and agents against novel targets
are needed (4).

A theranostic strategy utilizes molecular
targeted radiation to image and treat cancers.
The use of a targeted radionuclide via an
antibody or small molecule has been successful
in treating hematological cancers (5-9) and
more recently in solid tumours, including
prostate and neuroendocrine cancers (10-12).
This approach, which involves assessing
tumour targeting prior to therapy, allows
personalized therapy, including calculation of
likely safe and therapeutic doses.

Miltuximab® (GlyTherix Ltd) is a chimeric
antibody (human IgG1) targeting Glypican-1, a
cell surface proteoglycan overexpressed in
several solid tumours, including prostate,
pancreatic and bladder cancers, which plays a
critical role in tumour progression (13-15).
High levels of GPC-1 expression have been
associated with poor prognosis in solid tumours
such as pancreatic, esophageal and glioblast-
oma (16-18). Importantly, GPC-1 is not
expressed in normal adult tissue (19, 20), and
targeting of the molecule in preclinical animal
studies has demonstrated its safety (20, 21),
suggesting that targeting of GPC-1 may hold
therapeutic potential. Immunohistochemistry
in prostate cancer tumour specimens using the
parent antibody to Miltuximab® showed
reactivity with 80% of prostate cancer
specimens, but not with benign prostate or
normal tissue (19). Targeting of prostate
tumour  xenografts with  Zirconium-89
([89Zr]Zr) labeled Miltuximab® demonstrated
specific targeting to tumour sites, and
Miltuximab® radiolabelled with Lutetium-177
([*77Lu]Lu) showed strong activity against DU-
145 prostate cancer xenografts with no drug
related adverse events reported (22). Previous
studies using the murine parent antibody to
Miltuximab® have demonstrated effective
inhibition of prostate and bladder xenograft
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growth using both alpha and beta therapies
(23-26). Biodistribution of Miltuximab® in
xenograft models is comparable to ]591 (27),
which has established clinical activity as a
radioimmunotherapy (RIT) for prostate cancer
(28-30). Targeting of tumour xenografts and
lack of adverse events in animal studies suggest
Miltuximab® may be a good candidate for
radioimmunotherapy (22, 25, 27).

No studies to date have examined the safety of
any GPC-1-targeting agents in humans,
therefore the first step in the development of
Miltuximab® was a first in human safety trial to
establish initial safety data for the molecule
with secondary assessments of biodistribution
and targeting to tumour lesions. For this initial
study, radiolabeling with Gallium-67 (¢7Ga) was
chosen, given the half-life of 67Ga is
approximately 78 hours (h), matching the
timing of optimal Miltuximab® tumour uptake
in preclinical models, allowing assessment of
the antibody distribution throughout the body.
67Ga is relatively inexpensive and easily
accessible and has been used safely for decades
in diagnostic imaging for infectious and
inflammatory conditions and has many
desirable characteristics for a theranostic
imaging radionuclide (31). The study began
with delivery of [67Ga]Ga-DOTA-Miltuximab® (1
mg mAb, ~250 MBq) for the first cohort,
followed by cold antibody dosing Cohorts 2-4
(3.5-24 mg). The study’s primary endpoint was
safety with biodistribution, tumour targeting,
dosimetry and pharmacokinetics as secondary
aims.

Methods
Study design

This study was an open label, first in human,
single center, phase [ trial conducted at
Macquarie University Hospital (Sydney,
Australia) and Macquarie Medical Imaging
(located within Macquarie University Hospital).
This study was approved by the Macquarie
University Human Research Ethics Committee
Ref: 5201600149 and was registered with the
Australian Clinical Trials Registry ACTRN
12616000787482.

Miltuximab® was conjugated to the chelating
agent 1, 4, 7, 10 tetraazacyclododecane-1, 4, 7,
10-tetraacetic acid (DOTA) then radiolabelled
with [¢’Ga]Ga ([¢7Ga]Ga-DOTA-Miltuximab®). A
radio-active dose of MBq (include space) of ¢7Ga
was chosen as this was consistent with standard
67Ga imaging procedures .

Cohort 1 received only radiolabelled [67Ga]Ga-
DOTA-Miltuximab® (1 mg mAb, ~250 MBq),
while cohorts 2-4 were pre-infused with 3.5 mg,
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11.5 mg and 24 mg respectively of non-
radiolabelled antibody (Supplementary Figure 1).

The primary study endpoint was the safety
and tolerability of Miltuximab® in humans with
advanced solid tumours. The secondary aims
were to assess the utility of [67Ga]Ga-DOTA-
Miltuximab® to target prostate, pancreatic and
urothelial cancers on imaging, to assess the
biodistribution of Miltuximab®, and to
investigate pharmacokinetics. The study was
divided into four cohorts with an independent
safety monitoring committee reviewing the
results of each cohort prior to progression to
the next dose level. After the first cohort of
patients were dosed and safety and imaging
data reviewed, a protocol amendment was
submitted to allow pre-infusion of DOTA-
Miltuximab® for the remaining three cohorts.
Increasing doses of the unlabelled, or “cold”
antibody, were injected one hour prior to the
[67Ga]Ga-DOTA-Miltuximab® infusion, with the
aim of improving the biodistribution,
pharmacokinetics and tumour targeting
capacity of [¢7Ga]Ga-DOTA-Miltuximab®. This
also allowed for the assessment of safety and
tolerability of increasing doses of the antibody.
Pre-dosing was selected as the radiolabelled
antibody was prepared off site and delivered on
morning of infusion and the literature suggests
that biodistribution is not affected by co- versus
pre-dosing of cold antibody (32).

The protocol followed a classic 3+3 dose
escalation model, defined as: If one drug-related
grade 1 adverse event (AE) occurred in the first
3 patients at a dose level, a further 3 patients
were to be recruited at that same dose level. Ifa
further drug-related grade 1 AE occurred in any
of the next 3 patients, then that dose was
defined as the maximum tolerated dose,
otherwise the following cohort proceeded to the
next dose level. If a grade 2 drug-related AE
occurred in any patient, this was defined as a
dose limiting toxicity and the study was deemed
to have not met the primary endpoint. Patient
infusion within each cohort was staggered to
monitor for AEs, with a two-week interval
between each patient infusion. Before
proceeding to the subsequent cohort, an
independent safety monitoring committee
reviewed the cohort data and agreed upon the
escalation to the next dose level in the next
cohort.

Study population

Patients included in the study were required
to have metastatic or locally advanced,
histologically confirmed, prostate
adenocarcinoma, pancreatic adenocarcinoma
or urothelial carcinoma. Patients had to have
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radiologic evidence of stable or slowly
progressive disease. Treatment for the
malignancy could not have been changed in the
preceding four weeks prior to enrolment. Other
key inclusion criteria included: at least two but
no more than 15 lesions on standard of care
imaging, Eastern Cooperative Oncology Group
Performance Status (ECOG PS) <2, adequate
hepatic and renal function, and left ventricular
ejection fraction >50%.

Study drug

Miltuximab® was produced for GlyTherix Ltd
by Catalent LLC (USA). Miltuximab® was
conjugated with the chelating agent DOTA to
allow labeling with the ¢7Ga radionuclide. The
unlabelled Miltuximab®-DOTA antibody was
manufactured by Auspep Pty Ltd (Australia).
Conjugation conditions were optimized so that
the chelation had minimal effect on the ability of
Miltuximab®-DOTA to bind the GPC-1 target, as
assessed by cell based assays via flow cytometry
and a GPC-1 antigen-binding ELISA .

Miltuximab®-DOTA was radiolabelled with
67Ga at the Australian Nuclear Science and
Technology Organisation (ANSTO, NSW,
Australia). The radiolabeling process was
developed to maintain the antigen binding
ability with optimal radiostability. The drug was
supplied at a specific activity of ~250 MBq per
mg protein in 250 mM ammonium acetate
buffer, pH 7.

At the infusion center, 1 mg of [¢7Ga] Ga-
DOTA-Miltuximab® or unlabelled antibody was
drawn up into a syringe and the volume
expanded to 8 mL with sterile PBS. The drug
was administered via slow intravenous (IV)
push through a cannula followed by a normal
saline flush. Vital signs including blood
pressure, pulse rate, temperature and oxygen
saturation were monitored at the end of
infusion, every 15 min for the first two h, hourly
for the next 4 h, then at 12, 24,48, 72 and 144 h
post infusion and then weekly for four weeks.

Clinical assessments

Safety assessments were performed from
screening up to four weeks post infusion. These
included complete medical history, physical
examination, ECOG PS, 12-lead electro-
cardiogram (ECG), and standard laboratory
measurements including complete blood count
with differential, electrolyte panel, blood sugar
level, liver function tests, amylase, lipase and
tumour markers (prostate cancer - prostate
specific antigen (PSA); pancreatic cancer - Ca
19.9, carcinoembryonic antigen (CEA).
Additional  investigations  included an
echocardiogram to assess left ventricular
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ejection fraction at baseline and four weeks post
infusion. Toxicity and adverse events were
evaluated on clinical examination and
laboratory assessments performed for a total of
11 timepoints. Assessments were held at
screening (up to 14 days prior to infusion), pre-
infusion, 6, 12, 24, 48, 72, 144 h, 2, 3 and 4
weeks post infusion. All adverse events were
graded according to the National Cancer
Institute-Common Terminology Criteria
Version 4.03. Concomitant medications were
recorded at each visit post infusion. Standard
tumour imaging was undertaken at screening
and then again at the final assessment timepoint
at four weeks post infusion.

Imaging

The [67Ga]Ga imaging protocol included a
baseline transmission scan with Cobalt-57 with
and without the patient, followed by step-and-
shoot, tri-windows acquisition for ¢’Ga of 93,
184, and 300 keV, whole body anterior-
posterior (A/P) planar gamma camera scans
and single-photon  emission computed
tomography and low dose X-ray CT (SPECT/CT)
over the abdomen at 30 min, 6 h, 24 h, 48 h, 72
h and 144 h with the potential for further scans
if required. A calibrated standard was included
in the field of view of all scans. The nuclear
medicine physician was blinded to clinical
history and standard of care imaging at first
image reading and then unblinded for the
second reading.

Standard of care whole body bone scans were
performed using °°Tc-HDP and collected on a
SPECT/CT gamma camera.

Pharmacokinetic (PK) sampling

Blood sample collection for PK analysis was
performed at baseline, pre-infusion, then 1, 6,
12, 24, 48, 72 and 144 h post infusion and then
weekly for four weeks.

Two separate methods were utilized to assess
PK of Miltuximab®. Firstly, a ‘hot PK’ method
was developed using a gamma counter to
determine the radioactivity of patient whole
blood samples compared to a standard of ¢7Ga.
Blood clearance rate half-life (BCR ti,2)
calculations for [¢7Ga]Ga-DOTA-Miltuximab®
were calculated based on decay-corrected
gamma (y) counter measurements of blood
samples taken 2 h pre-infusion (baseline) and at
post-infusion timepoints. The measurements
were then calculated against the maximal
gamma count signal (Cmax) observed at 1 h post
infusion and the values were fitted into a one-
phase decay equation to calculate the BCR t1/2 of
[(7Ga]Ga-DOTA-Miltuximab®. The terminal
phase rate-constant (Az) was estimated from the

Asia Ocean J Nucl Med Biol. 2021; 9(2):86-100

log-linear plot of the concentration-time curve,
and the BCR ti2 was then calculated as
0.693/Az. Secondly, a GPC-1 direct binding
ELISA was developed and optimized to analyze
the levels of total Miltuximab® in all samples
which were derived from the 450 nm
wavelength signal of serum antibody bound to
GPC-1 in the ELISA. For each cohort, the values
were then fitted into a one-phase decay
equation to derive its BCR tiz from the
estimated terminal phase rate-constant (A;) as
the formula: BCR tiz =0.693/A; . The ELISA
assay development and results will be reported
elsewhere (manuscript in preparation).

Normal Organ Absorbed Dose

Organ and whole body effective doses were
calculated using whole body gamma camera
scans using the Organ Level Internal Dose
Assessment/Exponential Modelling (OLINDA/
EXM) (33) software package together with
injection and calibration controls. The A/P
planar whole-body images were combined to
give a geometric mean (GM) image for each time
point. The GM image was corrected for photon
attenuation using a single “lumped” attenuation
coefficient averaged for the three energy
photopeaks of [67Ga]Ga. The accuracy of this
quantitative image was checked using the total
rate activity in the body at the first time point,
prior to avoiding, as well as using the calibration
standard. Each attenuation-corrected GM image
was then aligned to the first time point image
and regions of interest (ROIs) drawn over the
following organs on the image: heart contents,
liver, lung (left), spleen and urinary bladder.
Total radioactivity remaining in the body was
also determined from the images and used for
the determination of the dose to the remainder
of the body. Bone marrow dosimetry was not
estimated due to the difficulty in extracting
radioactivity uptake in this compartment on
planar images. The data from each time point,
expressed as the percentage of injected dose in
the organ, was decay-corrected and imported
into the OLINDA/EXM package for the
appropriate adult model (male/female). These
data were then used to determine the absorbed
doses from the ¢7’Ga radiotracer. Further, the
selection of a different radionuclide in OLINDA
(e.g., Zirconium-89, Lutetium-177) permitted
dosimetry to be calculated from the decay-
corrected Dbiodistribution that had been
recorded. The abdominal SPECT images were
not used for dosimetry calculations due to the
limited axial field view that was imaged.
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Statistics

The primary focus of this study was to
determine the safety and tolerability of [67Ga]
Ga-DOTA-Miltuximab® alone and in combi-
nation with unlabelled DOTA-Miltuximab® in
patients with advanced prostate, pancreatic and
urothelial cancers. Due to the nature and design
of the study, the statistical analyses were
descriptive or exploratory. Categorical data
were described using contingency tables with
frequencies and percentages. Quantitative data
were presented using number of observations,
mean, median, maximum and minimum values.
The sample size planned for this study was not
driven by statistical considerations.

All patients receiving a dose of [¢7Ga]Ga-
DOTA-Miltuximab® were included in the
population for safety and efficacy analysis. All
available data including adverse events,
changes in laboratory values and other safety
and efficacy parameters were evaluated in each
patient.

To investigate uptake of [67Ga]Ga-DOTA-
Miltuximab® in the liver, remainder of body and
whole body over time between cohorts, we used
a mixed-effects model for repeated measures
approach. The model included fixed effects for
cohort (i.e. dose group), assessment hours
relative to the first dose of study medication (i.e.
time) and treatment-by-time interaction. Time
was treated as the repeated variable within a
subject. The response variable was the
percentage of injected dose of [67Ga] Ga-DOTA-
Miltuximab®. The differences in uptake across
the time course, between each pair of cohorts
were then assessed using Tukey's honest
significance test. To test differences in uptake
between cohorts at individual time points, we
used ANOVA test with Bonferroni correction.

Table 1. Patient characteristics

The correlation between the increase in % of
Injected Dose in remainder of body compared
with that in liver and the amount of cold dose
was evaluated using Pearson correlation and
linear regression analysis. Statistical
significance was considered at the level of 5% (p
value <0.05). All statistical analyses were
performed using GraphPad Prism 8.0.2 and R
(The R Foundation), version 4.0.0.

Results
Patient characteristics and consort diagram
The study was conducted from August 2016 to
July 2018. Fifteen patients were screened and
12 patients with metastatic or locally advanced
pancreatic, prostate or urothelial cancer were
enrolled into the study (Consort diagram
Supplementary Figure 1). Nine patients had
prostate adenocarcinoma, two had pancreatic
adenocarcinoma and one had urothelial
carcinoma. All patients in Cohorts 2 and 4 had
prostate cancer, while Cohort 1 had prostate
cancer or pancreatic cancer, and Cohort 3 had
prostate cancer or bladder cancer (Table 1).
Clinical characteristics are described in Table
1. All patients were male. The median age was
66.5 years (range 53-79) and the median
number of lines of treatment for metastatic
disease was two. Both patients with pancreatic
cancer were refractory to standard of care
treatment and all patients had slowly
progressive disease. Eight out of nine patients
with prostate cancer had been treated with or
were currently being treated with one of the
novel androgen receptor targeted therapies,
enzalutamide or abiraterone. All patients had
evidence of metastatic disease of at least two to
fifteen lesions on standard imaging.

Cohort 1 Cohort 2 Cohort 3 Cohort 4
Age in years Median 63 63 65 72
Range 61-78 53-69 53-75 68-79
Gender (%) Male 100 100 100 100
Prostate 1 3 2 3
Cancer (n) Pancreas 2 0 0 0
Bladder 0 0 1 0
Lymph nodes 0 100 33 33
Metastatic sites (%) Liver 67 0 33 100
Bone 33 67 67 67
ECOG Median 1 1 1 1
Lines of treatment for advanced disease Median 1 2 2 2
Radiotherapy (%) 33 0 67 33
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Safety

All laboratory abnormalities reported in the
trial (recorded as adverse events) were present
at baseline prior to [¢7Ga]Ga-DOTA-
Miltuximab® drug administration. The most
common laboratory abnormalities were
hematological (grade 1 anemia and leukopenia)
followed by elevated alkaline phosphatase
(ALP) and were assessed as being related to the
metastatic cancer and/or previous anti-cancer
therapy. All adverse events are shown in Table
2a. Eleven out of 12 patients experienced an
abnormal laboratory finding of any grade.
Grade 1 elevation of ALP in patients 7, 8, 9 was
determined to be related to pre-existing bone
metastases from prostate adenocarcinoma.
Grade 2 elevation of ALP in Patient 2, which was
present at baseline was also determined to be
related to pre-existing bone metastases
secondary to prostate cancer. No laboratory
measures changed grade during or after
infusion. There were no grade 3 or 4 or severe
adverse events noted during the study. No
significant changes in vital signs, deterioration

of ECOG PS or electrocardiogram changes were
observed.

No drug related adverse events were
identified in the intention to treat analysis of all
twelve patients that received study drug (Table
2b). No infusion reactions were observed
during the infusion of either the cold antibody
or [67Ga]Ga-DOTA-Miltuximab®.

Imaging and biodistribution

Biodistribution of [¢67Ga]Ga-DOTA-Miltuximab®
was assessed using planar gamma scans and
SPECT-CT imaging. At 30 min post infusion,
whole body planar images demonstrated
physiological radionuclide blood pooling in the
vasculature and the mediastinum. Reticulo-
endothelial uptake, particularly hepatic and
splenic uptake, was seen 30 min after end of
infusion and demonstrated consistently high
uptake until 144 h. At 48 h post infusion, low
intensity uptake was seen in the large bowel
and this was further established at 72 h,
consistent with liver processing and excretion
via the bile (Figure 1A).

A
é [ ) ' ¢
B
¢ ¢ ) s
S ‘ & &F 5 »
30 min post 6 hr post 24 hr post 48 hr post

72 hrpost 144 hr post

Figure 1. Distribution in major organs over all time points and effect
of pre-infusion of cold dose. (a) Patient 3 (cohort 1, no pre-infusion).
(b) Patient 12 (cohort 4, 24 mg pre-infusion). Whole body gamma
scans were performed across time points 30 min - 144 h has indicated
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Increasing cold mAb dose of patients in
cohorts two, three and four resulted in
differences in liver uptake (p=0.002), with a
progressive decline in the liver uptake observed
with increasing cold dose (Figure 1B). There
was a corresponding increase in the amount of
radionuclide seen in the remainder of the body
- whole body excluding liver, lungs, red marrow,
bladder, spleen, and heart (p=0.039; Figures
2A-2C). Across time, this trend was significant
for Cohorts 3 and 4 as compared to Cohort 1
(p=0.036 and p=0.002, respectively). At 48 h,
we saw significantly reduced liver uptake in
Cohort 4 as compared to Cohort 3 (p=0.009),
Cohort 2 (p=0.018) and Cohort 1 (p=0.007). The
dose dependency observed between Cohort 3

Table 2a. All adverse events

and 4 suggests that increasing amount of
unlabelled antibody had not saturated the effect
on liver uptake. Statistical analyses are included
as Supplementary Table 2.

The effect of increasing cold mAb dose was
most noticeable at the 30 min timepoint, when
[67Ga]Ga-DOTA-Miltuximab® uptake in the
rest of the body (whole body excluding liver,
lungs, red marrow, bladder, spleen, and heart),
as compared to liver uptake, was significantly
increased by pre-infusion of unlabelled
antibody, with a high correlation to dose
(p<0.001; Supplementary Figure 2). No clear
differences were noted with increasing
unlabelled Miltuximab® dose in other organs.

Patient ID
1 2 3 4 5 6 7 8 9 10 11 12
Adverse Event AE
(AE) Grade Number of assessments with AE
Anemia 1 11 11 3 8 2 6 7 10 3 11 0 0
Hematology Leukopenia 1 4 0o 7 0 0 7 0 0 0 6 0 0
Thrombocytopenia 1 0 0 0 0 0 O 0 0 0 6 6 0
Electrolyte levels 1 3 2 0 9 3 8 0 0 11 0 3 0
Renal .
Creatinine level 1 0 1 0 0 0 O 0 0 8 0 0 0
Elevated ALT/AST 1 2 0 8 0 0 O 7 0 0 0 0 0
Hepatic Elevated ALP 1 o o o0 o0 0 7 11 1 11 0 0 0
Elevated ALP 2 0 11 0 0 0 O 0 0 0 0 0 0
Cardiac 1 0 1 0 0 0 O 0 1 0 0 0 0
Clinical AE 1 0 4 3 0 1 1 0 0 1 0 0 0
Patients were assessed for adverse events (clinical and hematological /biochemical) over 11 time points
Table 2b. Drug related adverse events
Patient ID
1 2 3 4 5 6 7 8 9 10 11 12
Adverse Event AE
(AE) Grade Number of assessments with AE
Anemia 1 0 0O 0 0 0 O 0 0 0 0 0
Hematology Leukopenia 1 0 00 0 0 0 0 0 0 0 0 0
Thrombocytopenia 1 0 00 0o 0 0 0 O 0 0 0 0
Electrolyte levels 1 0 00 0 0 0 0 0 0 0 0 0
Renal Creatinine level 1 0 00 0 0 0 0 0 0 0 0 0
Elevated ALT/AST 1 0 00 o 0 0 0 O 0 0 0 0
Hepatic Elevated ALP 1 0 00 0 0 0 0 0 0 0 0 0
Elevated ALP 2 0 0 O 0 0 0 O 0 0 0 0 0
Cardiac 1 0 0O 0 0 0 O 0 0 0 0 0
Clinical AE 1 0 00 0 0 0 O 0 0 0 0 0

Patients were assessed for adverse events (clinical and hematological /biochemical) over 11 time points
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Figure 2. Percentage Injected Dose (ID) over time per cohort, in (a) Liver, (b) Remainder
of body (whole body excluding liver, lungs, red marrow, bladder, spleen and heart) and
(c) Whole body. The data at each time point are shown as mean and standard errors
(error bars). A mixed effects model for repeated measure approach was used to
investigate differences in % Injected Dose between Cohorts (varying dose of unlabelled
Miltuximab-DOTA®: Cohort 1 =0 mg unlabeled; Cohort 2 =3.5 mg; Cohort 3 =11.5 mg;
Cohort 4 =24 mg) across the time course: Liver: p=0.002; In whole body: p=0.815; In
remainder of body: p=0.039. Further investigation using Tukey’s honest significance
test showed statistically significant decrease in Liver uptake over time course between
Cohort 4 v Cohort 1: p=0.002; Cohort 3 v Cohort 1: 0.036. Comparison of % Injected
Dose at 48 h in Liver was achieved using ANOVA test with Bonferroni’s correction.
Cohort 4 liver uptake was significantly lower than Cohorts 1 (p=0.007), 2 (p=0.018) and
3 (p=0.009) at this time point

Normal Organ Absorbed Dose

Dosimetry results averaged per cohort are
shown in Figure 3. Dosimetry results averaged
over all patients are shown in Supplementary
Table 1a and individual patient results are
shown in Supplementary Table 1b. The highest
absorbed doses were seen in the liver and
spleen, with mean values of 0.62 and 0.31
mSv/MBq respectively. The mean whole body

Asia Ocean J Nucl Med Biol. 2021; 9(2):86-100

effective dose across all cohorts was 0.09
mSv/MBq giving approximately 20 mSv ED for
the study. This is comparable to other estimates
of whole-body dosimetry from [67Ga]Ga such as
[67Ga] Ga-citrate used for infection and tumour
imaging in clinical nuclear medicine practice
(34).
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Figure 3. Bar chart of dosimetry (mSv/MBq) per cohort in all organs. Means are shown with error bars representing *
Standard Error
Pharmacokinetics Supplementary Figure 3B. These exploratory

Blood samples from patients in cohorts 3 and
4 were available for assessment of post-infusion
radiation counts. The blood clearance rate (BCR
t1/2) of [¢7Ga]Ga-DOTA-Miltuximab® was
estimated to be 7.3 h for Cohort 3 and 12 h for
Cohort 4. Blood clearance rates for Cohorts 3
and 4 for [¢7Ga]Ga-DOTA-Miltuximab® are
shown in Supplementary Figure 3A, while
individual patient data is shown in
Supplementary Table 3.

Pharmacokinetic assessment of Miltuximab®
levels using the antigen-binding ELISA was
performed. Miltuximab® levels could not be
determined in Cohorts 1 and 2, due to low levels
of antibody and/or interference in the assay.
Data for Cohorts 3 and 4 allowed exploratory
analysis to estimate half-life. In Cohorts 3 and 4
(excluding patient 11, whose sample was
unevaluable due to high serum assay
background), the half-life of total Miltuximab®
was estimated to be 5 h in cohort 3 and 18.2 h
in cohort 4. Blood clearance rates for cohorts 3
and 4 for Miltuximab® are available as
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analyses indicated that the increasing dose of
cold antibody over cohorts 3 and 4 contributed
to a prolonged duration of antibody retention in
the circulation.

Tumour targeting

Patients 2 (receiving 1 mg [¢7Ga]Ga-DOTA-
Miltuximab®) and 7 (receiving 11.5 mg
Miltuximab®-DOTA prior to 1 mg [¢7Ga]Ga-
DOTA-Miltuximab®) demonstrated tumour
uptake of [¢7Ga]Ga-DOTA-Miltuximab® in sites
of particularly active disease. Patient 2 had
significant pain associated with cancer in the
right lower limb, particularly in the right foot,
which corresponded to sites of antibody uptake
in SPECT-CT images in the [¢7Ga]Ga-DOTA-
Miltuximab® scans (Figure 4). Patient 7
demonstrated [¢7Ga]Ga-DOTA-Miltuximab® uptake
in the skull which corresponded to sites of
active disease progression on magnetic
resonance imaging (MRI) and identified as a
dural based metastases (Figure 4).
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Figure 4. Targeting of [¢7Ga]Ga-DOTA-Miltuximab® to patient tumours. Patient 2. (A) Whole-Body Bone Scan
(WBBS) imaging taken during screening showing a dominant metastases on the right lower limb. Also shown is
[6’Ga]Ga-DOTA-Miltuximab® whole body planar gamma scan taken at 24 h post infusion. (B) SPECT-CT images
taken 24 h post-infusion showing [67Ga]Ga-DOTA-Miltuximab®. Antibody uptake is shown in the metatarsals and
calcaneus. Patient 7. (C). WBBS taken during screening. Two metastases are noted in the skull (see zoomed inlet).
MRI scan of one lesion identified as being dural based. Also shown is [¢7Ga]Ga-DOTA-Miltuximab® whole body
planar gamma scan taken at 48 h post infusion. (D) Comparison of Patient 7’s WBBS to the planar image taken 48

h-post infusion. Uptake evident at two sites of metastases

Discussion

GPC-1 is an attractive target for antibody
mediated cancer therapy due to its over
expression in many solid tumours and lack of
expression in normal tissue (15, 19). Antibody
based therapies targeting GPC-1 have proven
safe and efficacious in preclinical studies
conducted by us and other groups using a
variety of mechanisms of action, including
radioimmunotherapy, antibody drug conju-
gates and naked antibodies (21, 22, 35). In our
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hands, the most potent anti-tumour activity was
achieved using ['77Lu]Lu-DOTA-Miltuximab®,
hence we are developing Miltuximab® as a
theranostic with 89Zr and 177Lu isotope pair.
There have been no previous human clinical
trials with any agent targeting GPC-1, hence we
set out to assess initial safety and
biodistribution data using dosing strategies and
antibody mass levels that have been widely
used previously for other antibodies for RIT.
Gallium-67 was chosen as an imaging isotope
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due to its safety profile, half life and availability
together with other favorable characteristics (31).

Here we report the results of a Phase I, first-
in-human study primarily assessing safety and
tolerability of [67Ga]Ga-DOTA-Miltuximab® in
patients with advanced prostate, pancreatic or
urothelial carcinoma. All patients enrolled had
stable or slowly progressing disease. The
primary study endpoint was to establish the
safety of administering [¢7Ga]Ga-DOTA-
Miltuximab® plus unlabelled antibody to a total
antibody mass of 25 mg. The study met its
primary endpoint, with no drug related adverse
events observed in patients at all dose levels
tested. This provides the first information that
it is safe to target GPC-1 with antibodies in
humans and establishes a baseline for further
exploration of antibody mass dose escalation in
future studies.

The radiation dose received by the major
organs of liver and spleen ranged from 0.48 to
0.69 mSv/MBq and 0.20 to 0.53 mSv/MBq while
the whole body effective dose ranged from 0.08
to 0.10 mSv/MBgq. These values are below the
doses seen in other similar studies of
radiolabelled antibodies, albeit these studies
used different radioisotopes (36, 37). The
dosimetry analysis shows that the radiation
exposure to all major organs in all patients was
safe and well below the whole body radiation
safety threshold of 50/250 mSv/MBq (38). This
is an important result, as this information
allowed extrapolation to calculate predicted
exposures for [8°Zr]Zr and ['77Lu]Lu labeled
Miltuximab®, informing our future clinical
study design.

Biodistribution of the antibody was consistent
with that observed for other radiolabelled
antibodies. The first three patients
demonstrated significant hepatic uptake
immediately after infusion of [¢7Ga]Ga-DOTA-
Miltuximab® which remained high for up to 144
h. This is a common phenomenon seen in the
biodistribution assessment of many other mAbs
(39-42). Solid tumours are relatively radio-
resistant and require a high dose of radiation for
a cytotoxic effect, so strategies are required to
increase the amount of radiation dose delivered
to the tumour while limiting systemic toxicities.
Typically, pre- or co-dosing with unlabelled
antibody to saturate sites of non-tumour target
uptake, thereby enhancing uptake of the
radionuclide in tumour, is used to achieve this
goal. This strategy has proven effective in
reducing hepatic uptake and increasing tumour
targeting with the J591 anti-PSMA antibody in
prostate cancer (42) amongst many other
mADbs. The reported amount of cold antibody
used to optimally reduce liver uptake while
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maximizing tumour uptake varies significantly
in the literature, ranging from 25 mg to greater
than 1000 mg (6, 37). This variation is expected,
given the varying nature of each antigen-
antibody interaction, as well as significant
expected variance in different target antigen
expression (in tumour and normal tissue) and
heterogeneity (both within tumour lesions and
individual patients). Furthermore, even with
the same antibody (]J591) different studies
report different optimal unlabelled doses, with
Morris et al reporting hepatic uptake saturation
between 10 and 25 mg while in the study by
Pandit-Taskar et al, hepatic uptake of the
radiolabelled mAb progressively decreased
when total antibody doses increased from 25
mg to 100 mg, with a simultaneous increase in
the uptake of the radiolabelled mAb in the
circulation and in tumour lesions (32, 42).
Recent studies with this antibody use between
20-25 mg total antibody dose (43, 44).

As this was a first in human study primarily
aimed at testing the safety of Miltuximab® as
well as targeting of Glypican-1, the cold
antibody dose chosen was conservative, limited
at a maximum of 24 mg for a total of 25 mg
antibody administered. Similar to published
studies, we saw reduced hepatic uptake and
increased circulatory levels of radiolabelled
mAb detected with increasing levels of cold
antibody. It is probable that the highest dose of
24 mg cold antibody may not have been
sufficient to completely saturate non-tumour
target uptake, supported by the continued
reduction of liver uptake in Cohort 4. Moreover,
the half-life of [67Ga]Ga-DOTA Miltuximab® in
this study at the highest cold antibody dose of
24 mg was 12 h, markedly shorter than the half-
life observed in the [!11In]In-DOTA-]591 study
which demonstrated a half-life of 1.9 days at a
25 mg cold antibody dose level, although, of
course, these are different antibodies with
different target antigens (42). Similarly, other
89Zr labelled mAbs have shown half-lives of 111
h and 70 h for trastuzumab and cetuximab
respectively (36,41). The relatively short half-
life for [67Ga]Ga-DOTA Miltuximab® which is
improved with increased cold dosing in Cohort
4 compared to Cohort 3, further suggests that
increased cold dosing may improve antibody
retention in circulation.

The finding that 24 mg cold antibody may not
saturate non-tumour sites informs planning of
the next clinical study, a Phase [ study of [89Zr]Zr
and ['7’Lu]Lu labeled Miltuximab® (45). This
study, supported by preclinical findings of
specific tumour targeting and PET imaging
using [89Zr]Zr DFO-Miltuximab®, and dose-
dependent anti-prostate cancer efficacy in
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animal studies (22), aims to evaluate the
imaging and therapeutic potential of [89Zr]Zr-
DFO-Miltuximab® and [177Lu]Lu-DOTA-Miltuximab®
in patients with GPC-1 positive cancers,
including advanced prostate, pancreatic and
bladder cancer (45). The initial cohort of
patients will commence with a total antibody
mass of 25 mg, with the doses progressively
increased to 150 mg total dose. The optimal
antibody mass will be determined using a fixed
dose of [89Zr]Zr-DFO-Miltuximab® and
determining the optimal lesion imaging and
tumour to normal tissue exposure dosimetry
calculations.

Imaging of tumours was a secondary endpoint
of this phase I study. Significant inter-patient
differences in radionuclide uptake were seen.
Two patients demonstrated radionuclide
uptake at highly active sites of disease
(symptomatic, progressive disease on standard
imaging). The remaining ten patients
demonstrated low or no uptake in sites of
disease. Although the sample size was sufficient
to determine the primary endpoint of safety, the
sample size and patient characteristics of stable
or slowly progressive disease may have limited
the ability to fully investigate targeting of
Miltuximab® to  tumours. A  second
consideration when interpreting the observed
tumour targeting was that tumour biopsy or
immunohistochemical staining for GPC-1 was
not a requirement for entry. The majority of
patients enrolled in the study had metastatic
prostate cancer. Despite approximately 80% of
prostate cancers being reported as positive for
GPC-1 (19), the GPC-1 status for patients
enrolled on this study is unknown, thus, it was
unknown whether targeting could be expected.
Finally, pharmacokinetic and imaging data
suggests that the half-life of Miltuximab® may
be sub-optimal at the maximum cold antibody
dose tested of 24 mg. In pre-clinical
subcutaneous tumour xenograft models,
accumulation of Miltuximab® in tumour lesions
began at 24 h and peaked at 96 h (unpublished
data), suggesting that the current dose in this
phase 1 study which resulted in rapid clearance
of the mAb, may have been inadequate to allow
tumour targeting. Higher unlabelled doses, as
discussed above, may be required to optimize
tumour accumulation.

Despite these considerations, tumour
targeting in two prostate cancer patients was
observed. Interestingly, both patients in whom
tumour uptake was identified had more
aggressive disease. Both had rapid progression
of prostate cancer after completion of the trial
despite novel androgen receptor targeted
therapy, with the development of metastases in
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the dura and leptomeninges and then death
thereafter. Published studies show that higher
levels of GPC-1 are associated with poor
prognostic disease including higher metastatic
potential, stage of disease and reduced overall
survival (16, 17, 46). Biologically, GPC-1 plays a
role in tumour progression and is critically
involved in tumour cell invasion and metastasis,
both elements of tumour aggression (13-15). It
is possible that GPC-1 is more highly expressed
in patients with aggressive as opposed to
indolent cancers and that Miltuximab® may
identify those patients with poorer prognosis.
Since this was a safety study with no
therapeutic intervention, eligibility criteria
focused on patients with stable or slowly
progressive cancer, thus potentially posing a
limit on the secondary imaging endpoint. Most
patients on this study had relatively indolent
disease and may not have been ideal candidates
for Miltuximab® tumour targeting.

Conclusion

There is compelling evidence that GPC-1 plays
arole in many solid tumours including prostate,
pancreatic, bladder, gastroesophageal,
pancreatic, ovarian and glioblastoma. A
theranostic agent targeting GPC-1 therefore has
substantial potential for clinical utility. The
current study demonstrated the safety of
Miltuximab® to 25 mg in patients with prostate,
pancreatic and urothelial cancers. Expected
uptake in the reticuloendothelial system,
particularly the liver, was seen in all patients,
which could be reduced by introduction of cold
antibody dosing, and this reduction was dose
dependent. Potentially, increased cold dosing
amount could further saturate non-tumour
targeting, allowing for increased serum
antibody retention and access to tumour sites,
supported by the relatively short blood half life
of Miltuximab® observed with the highest cold
dose tested. Despite this, targeting of antibody
to lesions was observed for two patients who
had especially active disease. Importantly, the
current study has informed the clinical design of
our next Phase [ study of Miltuximab® as a
theranostic agent, radiolabelled with [89Zr]Zr
for imaging and [177Lu]Lu for therapy .
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